Four-component intergrowth structures of the metal-ion cage complexes fac- (1,5,9,13,20pentamethyl-3,7,11,15,18,22-hexaazabicyclo[7.7.7]tricosane)M II diperchlorate hydrate, [M(C 22 H 48 N 6 )](ClO 4 ) 2 .xH 2 O, M = Ni, Zn Abstract
Introduction
Bicyclic hexaamine cage structures with expanded coordination cavities can induce fundamental changes in the chromophore electron chemistry of MN 6 complexes. They are also capable of stabilizing larger metal ions in the cavity and therefore lower oxidation states in general. In this context, the ligand fac-Me 5 -D 3h trico-saneN 6 [fac-1,5,9,13,20-pentamethyl-3,7,11,15,18,22hexaazabicyclo[7.7.7 ]tricosane] was recently synthesized using a template strategy (Geue et al., 1994) . Extrusion of the metal from the Co II complex cation was achieved quantitatively under relatively mild conditions. This afforded the free ligand which was then used to complex other transition and post-transition metals. Nickel(II), zinc(II), cadmium(II) and mercury(II) complexes of the hexaamine cage ligand were readily isolated. In solution, variable-temperature 13 C NMR spectroscopy implies an effectively octahedral geometry for the six coordinating N atoms in the Ni II and Zn II cations but an effectively trigonal-prismatic geometry for the larger Cd II and Hg II cations. The trigonal-prismatic geometries have been established by the single-crystal structure analyses of Cd II -and Hg II (fac-Me 5 -D 3h tricosaneN 6 ).(PF 6 ) 2 .3H 2 O (Bygott et al., 1999) . The structures of the perchlorate salts of the Ni II and Zn II complex ions, (I) and (II), are the subject of this paper.
Experimental

Preparation of the Ni II and Zn II complexes
An ethanol solution of NiCl 2 .6H 2 O was added with stirring to an ethanol suspension of an equivalent quantity of the ligand and stirred for 30 min. NaClO 4 .H 2 O was then added and stirring was continued for a further 30 min. The resulting pink precipitate was washed, dried and then recrystallized from water.
Similarly, an ethanol solution of Zn(ClO 4 ) 2 .6H 2 O was added to an ethanol suspension of an equivalent quantity of the ligand and stirred for 1 h. The colourless precipitate was washed, dried and then recrystallized from water. Xtal3.0 (Hall & Stewart, 1990) Xtal3.0 (Hall & Stewart, 1990 ) Structure solution SHELXS86 (Sheldrick, 1985) SHELXS86 (Sheldrick, 1985) Structure re®nement RAELS96 (Rae, 1996) RAELS96 (Rae, 1996) ² Water molecules are associated with two of the four substructures: x = 0.608 (8) for M = Zn and x = 0.530 (7) for M = Ni (see text). ³ Both structures are an intergrowth of two C1 Å and two P2 1 /n substructures with an apparently monoclinic cell (see text). Equal populations for the P2 1 /n substructures causes re¯ections to be unobserved when h + k is odd (see text and Appendix). H 8.15, N 12.28, Ni 8.53; calculated (x = 1) C 39.30, H 7.50, N 12.50, Ni 8.73; (x = 0) C 40.39, H 7.39, N 12.84, Ni 8.97%. M = Zn: observed C 39.43, H 7.68, N 12.46, Zn 9.94; calculated (x = 1) C 38.92, H 7.42, N 12.38, Zn 9.63; (x = 0) C 39.97, H 7.32, N 12.71 , Zn 9.89%.
Data collection
Details of the data collections, structure solution and re®nements are given in Table 1 . Re®nement statistics for re¯ections that violated C2/c absence conditions [I > 3'(I)] were isolated in the re®nement statistics and details of re®nement statistics for different classes of re¯ections are given in Table 2 .
It is of particular interest that for M = Zn a C-centred data set was collected (violations of the C-centre condition were not observed) whereas for M = Ni a primitive-cell data set was collected. Intensities for all re¯ections which are absent for both C1 Å and P2 1 /n (0k0, k odd and h0l, h odd, l even) were observed to be less than 2'(I) and were not included in the re®nements. Weak observed h0l, l odd re¯ections are consistent with P2 1 /n for h + k odd but C1 Å for h + k even.
Results
A general view of the reference cation showing the atom labelling is given in Fig. 1 . A view down the pseudothreefold axis of the Zn complex cation is given in Fig. 2 .
The structures are each described as an intergrowth of four component structures (see x4). Fractional coordinates for non-H atoms of the isomorphic structures are given in Tables 3 and 4 . Only atoms in the asymmetric unit of two of the four substructures are listed, the other two being obtained using the operator Àx, y, 1 2 À z. Anion atoms labelled A and B refer to a component with space group C1 Å while those labelled C and D and the water refer to a component with space group P2 1 /n. Bond lengths are given in Tables 5 and 6. Equal-object constraints were applied. For the Ni complex, local coordinates relative to different axial systems were constrained to be identical for both space-group components. Further constraints were imposed for the Zn complex because h + k odd re¯ections were unobserved. These constraints made the cations have identical crystal coordinates for both reference component structures and imposed an exact Àx, y, 1 2 À z relationship between anions labelled A and C.
The quoted standard uncertainties more correctly describe the errors in the means of pseudo-twofoldrotation-related quantities since restraints were imposed to minimize differences between pseudo-32-related bond lengths and constraints were imposed to exactly relate certain displacement parameters. If unconstrained re®nement had been attempted, the departures from these means would have been uncontrollable as the structure, modulo the unit cell, is an overlap of four structures. H-atom coordinates were incorporated in geometrically sensible positions and given the displacement parameters of the atoms to which they are attached. H-atom parameters, anisotropic displacement parameters U ij and selected interatomic angles and torsional angles have been deposited².
Structure solution and re®nement
It is recommended that the Appendix be read at this point in order to fully appreciate the nature of the re®nement problem. All re®nements used the program RAELS (Rae, 1996) . Atoms were de®ned using re®nable local coordinates, relative to re®nable local orthonormal axial systems, to de®ne orthonormal crystal coordinates relative to unit axes parallel to a, c* Â a, c* (Rae, 1975) . The equal-object constraints used in our re®nement are imposed by using different axial systems but the same local coordinates. A local axial system is initially determined by the program from the overlay of an actual and an idealized structure fragment. The ² Supplementary data for this paper are available from the IUCr electronic archives (Reference: TA0004). Services for accessing these data are described at the back of the journal.
idealized fragment is described in local orthonormal coordinates whereas the actual fragment is in orthonormal crystal coordinates. Local coordinates can also be evaluated from known crystal coordinates if the axis transformation or sequence of transformations is known. The program RAELS allows up to three sequential coordinate transformations to de®ne atom positions (Haller et al., 1995) . The Zn complex was investigated ®rst and was initially developed as an ordered structure in space group C2/c, Z = 4, using Patterson and Fourier methods. The cation had apparent 32 symmetry and lay about a crystallographic twofold rotation axis with atoms Zn, C14 and C14a on this axis. This local symmetry is impossible since C14 has an attached H atom and must have a tetrahedral coordination. The ClO À 4 ions appeared to be disordered with only the Cl position well determined. However, a major component could be identi®ed and the ClO À 4 ion was included as an exact tetrahedron of re®nable bond length, location and orientation with rigid-body TLX displacement parameters (Rae, 1975) . Least-squares re®nement converged with R(F) = 0.23.
Attempts were then made to re®ne the structure as a disordered structure in C2/c using restraints to maintain an effective 32 symmetry equivalence between bond lengths and some bond angles but not torsional angles. The initial lowering from 32 to 3 symmetry was made by removing the apparent planarity of the C14, C24, C34 coordinations, i.e. moving C14 and C14a equal but opposite distances perpendicular to the coordination plane with the effective 3 symmetry relating the shifts for C24 and C24a, C34 and C34a.
Little improvement resulted because the perchlorate ions were inadequately modelled. An essential step was realizing that the largest peak in the difference map near the perchlorate ions was not an alternative O-atom site but an alternative Cl-atom site, viz. ClD in Table 3 . If a choice is made for the orientation of the cation about the crystallographic twofold rotation axis, then only one of the rotation-related sites of ClD can accommodate a perchlorate ion. This gives a principle for local ordering Anion C is obtained from anion A by the operation 1 À x, y, 1 2 À z. (2) and results in hydrogen bonds O1D to N22 (effectively coincident with O1A to N22) and O3D to N16. Re®nement then proceeded using a twin-disorder model in space group C1 Å , which allowed a lowering of diffraction symmetry and the violation of the c-glide absence condition. This used six occupancy parameters, one for each of the two 1 À x, y, 1 2 À z-related orientations of the cation and two anions, A and D. Constraints to maintain chemical content reduce the occupancy degrees of freedom to three.
Displacement parameters were a separate consideration. Cation atoms related by the pseudo-twofold rotation were constrained to have this symmetry relationship exactly. Atoms Zn, C14 and C14a which lie on the pseudo axis had U 12 and U 23 set to zero. The twofold rotation symmetry was also used to relate the TLX displacement parameters used to describe the anions. Initially both orientations of the anion on one side of the cation were associated with a single set of parameters, later altered so that each component had its own set of 15 TLX parameters.
The ®nal model development used three sites for the anion and included a water molecule with 1 À x, y, 1 2 À z used to disorder the structure in a partially twinned C1 Å crystal. The third anion site, B in Table 3 , was deduced by the apparent disorder of the A anion about the bond O1AÐClA where O1A is hydrogen-bonded to an NÐH group. The water is associated with the D anion and pushes the D anion into a position where two O atoms are involved in NÐHÁ Á ÁO hydrogen bonds. Each of the other anion-site options involve only one such bond. All perchlorates were constrained to have the same exactly tetrahedral geometry and a common re®nable bond length.
Subsequent re®nement used ten occupancy parameters, one each for both the x, y, z-and 1 À x, y, 1 2 À z- (5) O3D 0.7302 (7) 0.3149 (7) 0.4305 (7) 0.208 (9) O4D 0.9375 (12) 0.2786 (5) 0.4862 (5) 0.236 (15) Ow 0.6538 (15) À0.0784 (7) 0.2480 (8) 0.145 (4) related sites of the cation, three anions and one water. This involved seven degrees of freedom. The re®ned occupancies were found to be consistent with the intergrowth concept described in the Appendix, implying four occupancy parameters p m with AE m p m = 1. This model was then adopted. For the C1 Å case, anion C H (the 1 À x, y, 1 2 À z-related equivalent of C) and A were assumed identical and 1 À x, y, 1 2 À z-related to anions A H and C so that C was omitted and occupancies p 1 + p 3 , p 1 + p 4 , p 1 , p 3 and p 3 were used for the cation, anions A, B and D, and the water, respectively, with p 2 + p 4 , p 2 + p 3 , p 2 , p 4 and p 4 for the 1 À x, y, 1 2 À z-related sites. The use of space group C1 Å rather than P1 Å imposes p 4 = p 3 [= 1 2 À (p 1 + p 2 )/2] leaving just two degrees of freedom for occupancy.
The near-1:1 twinning creates observations that are essentially Y(hkl) = |F A (hkl)| 2 + |F B (hkl)| 2 , where the subscripts A and B denote symmetrized components (see the Appendix). Only the weak h0l, h even, l odd re¯ections see the minor component F B (hkl) in isolation. F B (hkl) is associated with the departure from C2/c symmetry. The overall scale for the F B (hkl) component correlates with p 1 À p 2 and the displacement of the Zn atom from the rotation axis at 1 2 , y, 1 4 . The lack of h + k odd data precludes separating the cation into two overlapping cations with individual occupancies p 2 and p 4 . As a consequence the ®t to h0l, h even, l odd is poor. However, the indices of the ®ve observed re¯ections also correspond to observed re¯ections of the Ni structure which permitted the additional parameterization.
Re®nement of the Ni structure was initiated from the re®ned Zn structure using space group P2 1 /n by making p 1 = p 2 . Making p 3 > p 4 chooses between alternative origins. Because re®nement statistics for the h + k odd re¯ections were poor, re¯ections were segmented according to whether sin /! was greater or less than 0.2. It was immediately obvious that re¯ections at high angle were calculated too small, which is consistent with the need for the displacement of the cation from the pseudo-rotation axis at 1 2 , y, 1 4 to be larger for the P2 1 /n intergrowths than for the C1 Å intergrowths. (The lowangle data are primarily associated with occupancy modulation.) The limitations of h + k odd data implied that the only re®nable differences between intergrowth components involve the location and orientation of identical objects. As a consequence re¯ections were calculated too small in general.
The re®nement program RAELS had to be modi®ed to allow this ®nal re®nement of a partially twinned structure in space group P1 Å . The drop in R(F) associated with allowing p 1 to not equal p 2 and including a twin parameter was only 0.0013 for h + k even data excluding the h0l, l odd re¯ections. However the h0l, h even, l odd re¯ections now ®tted much better than for the Zn structure. The Ni atom is much closer to the pseudotwofold rotation axis for the C1 Å components than for the P2 1 /n components, implying that the use of a cation position that is the average of the values for the two space groups creates a displacive-mode parameter that is too large for the C1 Å component. Since the P2 1 /n component has a water of crystallization on one side of the cation but not the other, it is reasonable to assume that in the Zn analogue the cation is also closer to 1 2 , y, 1 4 Symmetry codes: (i) 1 2 À xY y À 1 2 Y 1 2 À z; (ii) 3 2 À xY y À 1 2 Y 1 2 À z. for the C1 Å component which has no water of crystallization.
The TLX displacement parameters for anions A and C were constrained to be pseudosymmetry related. H atoms were included in geometrically sensible positions and given the same anisotropic displacement parameters as the atoms to which they are attached.
The overriding chemical interest was to obtain reliable geometry for the cation. Personal intervention in the re®nement process was necessary. The C2/c component of the scattering density dominates the re®nement process, i.e. the occupancy-weighted mean of atom positions are well determined as are the meansquare displacements from these means. However, it is usually dif®cult to make component atoms of a disorder switch places during re®nement, even with the aid of constraints and restraints. If errors are evaluated with the restraints included as observations then geometric features that differ from their ideal value by more than the calculated error are associated with a systematic error, either in the restraint or in the relative positions of component atoms of a disorder. In this context differences in pseudoequivalent features prove to be more reliable restraints than absolute values for individual features, and distance restraints hold better than angle restraints.
Obvious cases of systematic error may be remedied by ®le editing prior to further re®nement. In less obvious cases, overlapping atoms involved in disorder can be edited to coincide on their mean position before restraint-assisted re®nement again tries to resolve the problem. As re®nement progresses weights on restraints can be reduced. If a model imposed by the restraints is consistent with the scattering density these weakened restraints will maintain geometric features. The inherent threefold symmetry of the cation was used to impose restraints on differences between pseudoequivalent bond lengths. In the initial stages the pseudo-32 symmetry was also used to impose additional distance difference restraints. Angle difference restraints were imposed using differences between second-nearestneighbour atoms. Torsional angles were monitored to detect likely errors. Sensible re®nement is implied by the fact that the inherent threefold symmetry of the cation was obtained for the unconstrained torsional angles.
The observed re¯ections that violate C2/c absences are modelled by very few parameters. The vast improvement with a slightly expanded model for the Ni complex was signi®cant. We can be con®dent about the intergrowth model and the nature of the`average cation'. However, it is not feasible to remove the restraints and constraints even though the limitations of the weak re¯ections can probably be associated with these restrictions on the model. The high libration associated with the ClO À 4 anions of the C1 Å components is not surprising since there is no water associated with this component.
Comments
Two substructures correspond to alternative orientations of a C1 Å structure with no water, and two substructures correspond to alternative origins of a P2 1 /n structure for which x = 1. Partial twinning also occurs. For the crystals studied the volume ratios of the substructures were 0.299 (6) The Zn II and Ni II crystal structures are isomorphous and both cations display MN 6 geometries that are close to octahedral. The average trigonal twist angles 9
(average magnitude of torsional angle N12Á Á ÁC2Á Á ÁC3Á Á ÁN16 and its pseudoequivalents) are 60.7 (2) (Zn) and 62.4 (2) (Ni) and the average polar angles (average of C2Á Á ÁMÐN12 and its pseudoequivalents) are 52.8 (1) (Zn) and 53.0 (1) (Ni). Values for an octahedron are 9 = 60 and = 54.74 . Each cation has effective C 3 symmetry and all the N centres have the same R (or S for the enantiomer) con®guration. This geometry is in contrast to that found in the Cd II and Hg II complexes of the same ligand in which an essentially trigonal-prismatic coordination geometry (9 = 0 ) is adopted for the MN 6 core (Bygott et al., 1999) . These latter structures have an effective C 3h symmetry where three N centres have an R con®guration and three have an S con®guration. This geometry has not been observed previously for saturated amine complexes, and this ligand con®guration has a larger natural cavity than that of the pseudo-octahedral con®guration of the Zn II and ,8-diammonio-3,6,10,13,16,19-hexaazabicyclo[6.6.6 ]icosane], which has a fairly typical NiÐ N(secondary amine) distance. However, in this smaller homologue, the ligand conformation is strained by the Ni II ion and has a trigonal twist 9 of 47 (range AE 1 ) compared with 24 (range AE 7 ) for the metal-free ligand (Comba et al., 1985) . This distortion also changes the centre-to-N distance of the ligand cavity in order to accommodate the bond-length demands of the Ni. Less ligand deformation is associated with the larger Ni cage complex of fac-Me 5 -D 3h tricosaneN 6 because of a stronger resistance to contraction of the centre-to-N distance in the more crowded, less¯exible ligand conformation. This in fact results in an NiÐN bond length that is larger than is optimal by about 0.03 A Ê .
In contrast, the average ZnÐN bond lengths for our reported structure [2.196 (2) A Ê ] and for [Zn{(NH 3 ) 2 -sar}] 4+ (2.190 A Ê , range AE 0.012 A Ê ) are essentially the same and close to the expected value (ca 2.20 A Ê ) for Zn II N 6 (secondary amine) distances. Also, the twist angles of 29 AE 1 for [Zn{(NH 3 ) 2 -sar}] 4+ are close to those of the metal-free ligand.
In conclusion, we see that for the less¯exible cage structures reported in this paper, the major effect of a mismatch between the preferred cavity size and the preferred MÐN bond length is a change in the size of the MN 6 chromophore. This important aspect of the larger cage systems can be used to develop new chemistry for MN 6 complexes (Geue et al., 1994 .
APPENDIX A A1. Selection of space group
The crystal structure can be regarded as a commensurately modulated structure with four formula units per cell and a monoclinic C2/c space group describing the idealized parent structure. The cation has inherent 3 symmetry but approximates 32 symmetry and must lie on a twofold axis in the idealized parent structure. The fact that this twofold axis cannot exist on a local scale implies ordering of the structure will lower the symmetry. This gives four possible subgroups of C2/c that exclude a twofold rotation axis while allowing four equivalent positions per unit cell. These are C1 Å , Cc, P2 1 /n and P2 1 /c. It was shown that packing arguments preclude a c glide. Weak observed h0l, l odd re¯ections are consistent with P2 1 /n for h + k odd but C1 Å for h + k even.
It is possible to re®ne the structure assuming an intergrowth model in which different regions of the crystal correspond to different orderings of the necessarily disordered C2/c average structure. In each region we pick four out of eight equivalent positions of C2/c. For each space group we may pick either x, y, z or Àx, y, 1 2 À z to describe the reference asymmetric unit.
A2. Distribution of information
We let m = 1, 2 correspond to the components with space group C1 Å and m = 3, 4 correspond to the components with space group P2 1 /n. We assume perfectly ordered component structures each with its own occupancy factor p m and say hk " lY m 1Y 3X
Since 1 2 À x, 1 2 + y, 1 2 À z is a symmetry element of P2 1 /n we can also say that F 4 hkl À1 hk F 3 hklX F(hkl) can then be re-expressed as Fhkl p 1 p 2 F 1 hkl À1 l F 1 "
hk " la2 p 1 À p 2 F 1 hkl À À1 l F 1 " hk " la2 p 3 p 4 1 À1 hk F 3 hkla2 p 3 À p 4 1 À À1 hk F 3 hkla2X
The information distribution can now be assessed. The scattering density can be described as the sum of components each with the symmetry of a different irreducible representation (Rae et al., 1990) . Each component can be designated a space-group label corresponding to the subgroup of symmetry elements which transform the component into itself. (In our example the remaining symmetry operations of C2/c turn the component into minus itself.) The structurefactor information can then be described using the Fourier transforms of the symmetrized scatteringdensity components.
The C2/c component corresponds to h + k even and has F A hkl Fhkl À1 l F " hk " la2 p 1 p 2 F 1 hkl À1 l F 1 " hk " la2 p 3 p 4 F 3 hklX
The C1 Å component corresponds to h + k even and has F B hkl Fhkl À À1 l F " hk " la2 p 1 À p 2 F 1 hkl À À1 l F 1 " hk " la2X
The P2 1 /n component corresponds to h + k odd and has F C hkl Fhkl p 3 À p 4 F 3 hklX
The space group for the disordered structure arising from unequal but positive amounts of the four component structures is P1 Å , this being the common subgroup of C1 Å and P2 1 /n. However, when p 1 = p 2 , F B (hkl) = 0, and the scattering density corresponds to P2 1 /n. Likewise, when p 3 = p 4 , F C (hkl) = 0, and the scattering density corresponds to C1 Å . When h is even and k = 0, F A (hkl) = 0 if l is odd and F B (hkl) = 0 if l is even. The crystal may also twin so as to give an observed intensity Yhkl 1 À qjFhklj 2 qjF "
hk " lj 2 X For h + k odd data Y(hkl) = |F C (hkl)| 2 as before with Y(hkl) = Y(h Å kl Å ). However, for h + k even re¯ections
reducing the difference between the intensities of pseudoequivalent re¯ections. Twinning and disorder reduced the effect of F B (hkl) and F C (hkl) on calculated intensities and the limited number of weakly observed re¯ections that see these contributions in isolation must be described by a very restricted parametrization to avoid re®nement problems.
A3. Implementation of the structure-factor calculation
The program RAELS was modi®ed to include a factor as an additional unre®nable multiplier of the contribution of an atom to the structure factor. Using a job-speci®c subroutine, the default value of 1.0 was modi®ed according to atom number, symmetry operator and whether h + k was even or odd. In this way the equivalent positions of P2 1 /n could be used to simulate both P2 1 /n and C1 Å components of an average structure of P1 Å symmetry. Components related by the disorder operation 1 À x, y, 1 2 À z were each included in the asymmetric unit with relevant positional and displacement parameters constrained to hold this relationship exactly.
